Methodological issues in the design of prospective, longitudinal studies of developmental neurotoxicity in humans are reviewed. A comprehensive assessment of potential confounding influences is important in these studies because inadequate assessment of confounders can threaten the validity of causal inferences drawn from the data. Potential confounders typically include demographic background variables, alcohol and smoking during pregnancy, the quality of parental stimulation, the child's age at test, and the examiner. Exposure to other substances is assessed where significant exposure is expected in the target population. In most studies, control variables even weakly related to outcome are included in all multivariate statistical analyses, and a toxic effect is inferred only if the effect of exposure is significant after controlling for the potential confounders. Once a neurotoxic effect has been identified, suspected mediating variables may be added to the analysis to examine underlying processes or mechanisms through which the exposure may impact on developmental outcome. Individual differences in vulnerability may be examined in terms of either an additive compensatory model or a synergistic "risk and resilience" approach. Failure to detect real effects (Type 11 error) is of particular concern in these studies because public policy considerations make it likely that negative findings will be interpreted to mean that the exposure is safe. Important sources of Type 11 error include inadequate representation of highly exposed individuals, overcontrol for confounders, and inappropriate correction for multiple comparisons. Given the high cost and complexity of prospective, longitudinal investigations, cross-sectional pilot studies focusing on highly exposed individuals can be valuable for the initial identification of salient domains of impairment. Environ Health Perspect 1 04(Suppl 2): 275-283 (1996) 
Introduction
The first studies to link intrapartum chemical exposure to behavioral deficits in the absence of organic damage were experiments with laboratory animals. Pioneering studies on hypervitaminosis A (1) and methylmercury (2) led behavioral teratologists to hypothesize that agents which produce mental retardation and severe neurological dysfunction at high doses will be associated with subtle behavioral changes when exposure occurs at lower levels (3) . Animal studies in which dose and timing of exposure can be manipulated experimentally afford firmer causal inferences than human studies, where exposure may be confounded with extraneous variables that make its effects difficult to isolate. Moreover, the short lifespan of most laboratory species makes it possible to track long-term effects of perinatal insult that may not become evident in the human for several years (4, 5) .
Most human behavioral teratology studies have used prospective designs in which subjects are recruited prenatally or at birth and followed longitudinally. The principal advantages of a prospective design are more accurate assessment of degree of exposure, information regarding the timing of exposure, and more adequate assessment of relevant extraneous variables. For some substances, such as lead, exposure can be documented retrospectively in deciduous teeth (6) or in bone scans. For other substances such as cocaine or opiates, however, urine, meconium, or hair samples must be obtained contemporaneously; and for exposures such as alcohol, for which no reliable bioassays yet exist, self-report data must be obtained as soon as possible after exposure to limit memory decay. Even with lead, prospective ascertainment is necessary to determine the timing of exposure, which can be important both for investigating the mechanism of action and for devising intervention strategies. Extraneous variables, such as perinatal exposure to other contaminants and quality of intellectual stimulation provided by the parent, are often difficult, if not impossible, to assess retrospectively.
All developmental neurotoxicity studies using prospective, longitudinal designs have recognized the importance of assessing and controlling for a broad range of potential confounding influences. Investigators have differed, however, in their selection of control variables and in their strategies for identifying which potential confounders need to be included in multivariate analyses. Developmental neurotoxicity studies differ from many other longitudinal studies in that, in addition to the risk of spuriously attributing an observed effect to prenatal exposure (Type I error), failure to detect a real effect (Type II error) is also of particular concern. Despite our caveats that no inference should be made from a null finding, the need by policy makers and the general public to evaluate the risks associated with a potentially toxic exposure will inevitably lead negative findings to be interpreted to mean that the exposure is safe. Thus, a failure to detect real risks associated with an exposure may prevent necessary public health precautions and warnings from being implemented. Given the gravity of this risk, a power analysis (7) I-establish that the sample size is adequate to detect the real effects of the exposure. This paper will address several methodological issues in the design of prospective, longitudinal studies of developmental neurotoxicity. We focus first on potential confounders, including criteria for their selection, alternative approaches to measurement, and strategies for selection for inclusion in multivariate analysis. The statistical treatment of mediating variables will also be considered, along with strategies for evaluating factors that may either enhance vulnerability or protect against the harmful effects of a developmental neurotoxic exposure. We will then review several factors that can increase the risk of Type II error, including inadequate representation of highly exposed individuals, overcontrol for confounders, and inappropriate correction for multiple comparisons. Finally, we will consider the degree to which, despite their limitations, retrospective studies may be useful in supplementing what can be learned from prospective, longitudinal investigations.
Control for Potential Confounders
Criteria for Selection
The selection of control variables to test for spurious correlation starts with the premise that an extraneous variable cannot be the true cause of an observed relation between toxic exposure and developmental outcome unless it is related to both exposure and outcome (8) In contrast to smoking during pregnancy, which has high test-retest reliability even over a period of several years (9) , alcohol and drug use are difficult to recall reliably and are often highly stigmatized. Some studies have used a dichotomous yes/no measure to summarize maternal drinking during pregnancy. Given what is known about the teratological effects of alcohol, however, a use-versus-abstinence measure cannot adequately control for alcohol exposure. Because most women drink less than 0.5 oz absolute alcohol per day (AA/day), the lowest level at which effects are typically seen (27) , grouping a large number of light drinkers together with the relatively small number whose drinking puts their infants at serious risk is likely to obscure the true effects of the prenatal alcohol exposure in the analysis and to underestimate the effects of the alcohol exposure for control variable purposes. The standard approach to quantifying maternal drinking during pregnancy is a quantity-frequency-variability (Q-F-V) interview (28) in which the mother is asked how much she drinks on the days she consumes alcohol, how many days per week she drinks, and how much and how often she drinks at higher and lower levels. This information is obtained separately for beer, wine, and liquor, and volume is converted to ounces of (AA) based on the alcohol content of the beverages consumed (29) . One drink of beer, wine, or liquor is equivalent to approximately 0.5 oz of AA. Among the summary variables that can be constructed from these data, oz AA/day averaged across pregnancy has proven the strongest. Other summary measures include proportion of pregnancy days when drinking occurred, average AA per drinking day (volume/occasion), and bingeing (e.g., whether the mother drank at least 2.5 oz AA [5 standard drinks]) on one or more occasions during the index pregnancy). Our research indicates that a summary measure based on multiple self-reports obtained periodically during pregnancy is markedly more reliable than a single maternal interview (30) .
Intrapartum use of illicit drugs, such as cocaine, opiates, and marijuana, can now be ascertained by biological assay of meconium or maternal urine or hair. Biological assays are critical, given the high rate of denial associated with maternal self-reporting of illicit drug use (31). Zuckerman et al. (32) found effects of cocaine exposure on birth size using a dichotomous use-versus-abstinence measure based on evidence from either self-report or urine assay but not on a use/abstinence measure based solely on selfreport. Cocaine is detectable in urine samples for 3 days (33) , in meconium for up to 6 months (34, 35) , and in hair for several months depending on length (hair grows at a rate of approximately 1 cm per month) (1) . The principal disadvantage of the assays currently available is that they provide no information on degree of exposure. Since, as with alcohol, risk to the fetus may be associated only with moderate-to-heavy drug use, it is important to supplement biological assays with self-report data obtained during pregnancy. Although a comprehensive Q-F-V approach can be used (36) , the quantity dimension is likely to be unreliable due to the wide variability in the dosage and degree of purity of illicit street drugs. Once exposure has been determined by biological assay, self-report frequency data may be sufficient to discriminate moderate and heavy from lighter users.
Measures of socioeconomic status (SES) based on parental education and occupational status (AB Hollingshead, unpublished) explain considerable variance in child cognitive performance (37) , presumably because better educated, higher SES parents tend to provide more optimal intellectual stimulation to their children. Because SES is only an indirect indicator of the quality of parental input, however, instruments such as the HOME Inventory (11) have been developed to provide a more direct assessment. The HOME combines a semistructured interview with informal observation of parent-child interaction to evaluate the quality of intellectual stimulation and emotional responsiveness provided by the parent. Caldwell and Bradley (11) recommend that the information required for the HOME Inventory protocol be elicited informally and spontaneously from the mother. S.W. Jacobson (unpublished) has prepared scripts for the infant, preschool, and elementary school versions of the HOME, based on the probes suggested by Caldwell and Bradley, which reorganize and standardize the presentation of the interview material to facilitate this approach. Three versions of the HOME are available-infant through age 3 years; preschool, 3 to 6 years; and elementary school, 6 to 10 years. The HOME provides a more comprehensive assessment of parental input than SES: data show that it explains significant variance in cognitive performance over and above standard SES measures (38) (39) (40) . Although designed to be administered in the home, the assessment can be modified for use in the laboratory when logistical considerations preclude home visits (41) .
Although listed under socioenvironmental influences in Table 1 (42) . Additional dimensions of socioenvironmental influence that may warrant consideration in studies of cognitive performance include nursery school attendance, months of experience in formal classroom settings, and quality of school attended (e.g., inner city, urban magnet, parochial, private, etc.).
The HOME Inventory, parental intelligence, and formal school experience provide a comprehensive assessment of socioenvironmental influences on intellectual development, but other control variables may be more relevant where the focus is social and affective development. For example, it has been suggested that prenatal cocaine exposure may impact strongly on emotional arousal and motivation (43) , and nonretarded, fetal alcohol syndrome adults have been described as exhibiting poor judgment and an inability to respond to subtle social cues (44 (46) . In addition, the inclusion of control variables unrelated to the outcome will tend to increase the size of the error term, making it more difficult to detect significant toxic effects (47) . For these reasons, we have adopted the procedure of prescreening the control variables to decide which to include in multivariate analyses.
As with the determination of which control variables to assess, the selection of potential confounders for inclusion in the statistical analyses is based on the premise that a control variable cannot be the true cause of an observed effect of exposure on outcome unless it is related to both (8 (48) , control variables were selected for indusion based on their relation to exposure. Any control variable related to an exposure measure (at p< 0.10) was included as a potential confounder in all analyses evaluating the effects of that exposure. In our more recent research on prenatal alcohol exposure, however, control variables were selected in relation to outcome rather than exposure (30, 49) . Selection in relation to outcome is preferable because, where a control variable unrelated to exposure explains some variance in the outcome, its indusion reduces the error term, thereby improving the chances of detecting toxic effects (47) . Relation to outcome is the criterion used most commonly in contemporary developmental neurotoxicity studies (50) (51) (52) consider the alternayear of age is mediated, in part, by tempera-tive view that subtle deficits may result from mental irritability in alcohol-exposed an interaction between an initial insult and infants, who do poorly on the Bayley co-morbid biological or environmental facbecause they elicit less optimal intellectual tors that may be necessary to sustain the inistimulation from the parent. Hypotheses tial teratological damage or that contribute incorporating mediating variables are tested to its emergence (24) (25) (26) . Contemporary most effectively by structural equation mod-risk and resilience models were originally eling procedures, such as LISREL (57) .
formulated in studies of the offspring of Although relevant potential confounders mentally ill parents to explain why many should be included in all statistical analy-children seemed to escape relatively ses, the routine indusion of mediating vari-unscathed. Marked variability also characables can be misleading. Confusion can terizes the findings in developmental neuroarise because confounders and mediators toxicity studies. For example, Table 2 shows are tested statistically in the same manner. that children prenatally exposed to PCBs at For example, an effect of prenatal cocaine relatively high levels are more than twice as exposure on neurobehavioral outcome likely to exhibit poor performance on the could be mediated by reduced birth size. McCarthy Memory Scales at 4 years of age. Mediation can be tested by adding birth Nevertheless, 12 of the highest exposed chilsize to the analysis of the cocaine effect on dren performed in the normal range and 1 neurobehavior; if the cocaine effect is no performed exceptionally well. Individual longer significant, mediation by birth size differences in vulnerability are not limited to is inferred. If birth size were a confounder the relatively subtle deficits seen at the modand its inclusion rendered an observed erate exposure levels in our PCB research. A cocaine effect nonsignificant, one would large proportion of infants exposed prenacondude that the cocaine effect was spuri-tally to high levels of alcohol fail to develop ous. But where birth size is a consequence fetal alcohol syndrome (58) , and, even of the exposure, mediation is the appropri-among those who do, many exhibit normal ate interpretation. Potential confounders range IQs (44) . should be included routinely in all analyses Individual differences in vulnerability because effects of exposure are of interest can be explained in terms of a compensatory only after alternative explanatory variables model. The parents of the exceptionally (Table 3 ). An examination of the Cleveland data revealed that their sample included only 7 infants whose mothers drank above that threshold, compared with 45 in our sample, suggesting that their cohort contained too few infants exposed in the range in which the MDI effect is clearly seen. Moreover, when we randomly deleted all but 7 of the infants whose mothers drank above the 0.5 oz threshold, the zero-order correlation of alcohol with the MDI dropped from -0.17 to -0.05, similar to the -0.06 correlation reported in Cleveland. If moderate-to-heavy drinkers had not been overrepresented in the other alcohol studies, the effects on the MDI would never have been detected.
Adequacy of sample size in terms of a Cohen (7) power analysis provides no assurance that high-exposed individuals have been adequately represented. Adequacy of representation can be determined only on the basis of data from previous studies indicating exposure thresholds above which effects are seen. Some oversampling was performed in the Pittsburgh study, but the criterion (>3 drinks per week) may have been too low to insure the inclusion of sufficient numbers of infants exposed'above the 0.5 oz (7 drinks per week) threshold. Where no previous data exist, retrospective pilot studies may be warranted to suggest exposure levels above which effects might be expected.
Overcontrol for Confounders
A second potential source of Type II error in a developmental neurotoxicity study relates to routine control for potential confounders. This risk is illustrated by comparing data from two large prospective studies of the effects of lead exposure on childhood cognitive function. Bellinger et al. (22) studied low-level lead exposure (mean 24-month blood lead level = 6.8 pg/dl) in a predominantly white, collegeeducated, middle-class, suburban Boston sample. Dietrich and associates (51) studied somewhat higher level exposure (mean 24-month blood lead level= 17.0 ,ig/dl) in a predominantly black, poor, inner-city Cincinnati sample. The Boston study found that preschool-age blood lead level was associated with poorer performance on the McCarthy Perceptual Performance Scale, which indicated a significant visual-spatial deficit, after adjusting for 13 control variables including social class, maternal IQ, Table 3 . Number of infants scoring in the bottom tenth percentilea by pregnancy drinking level. and the HOME Inventory. In Cincinnati, zero-order correlations indicated a relation between lead exposure and poorer performance on the Simultaneous Processing Scale of the Kaufman Assessment Battery for Children, which assesses the same domain as the McCarthy Perceptual Performance Scale. After controlling for only seven control variables, however, the lead effect was no longer significant. Hierarchical regression analysis showed that the lead effect remained significant until maternal IQ and the HOME were entered ( Table 4) .
The simplest interpretation of the data in Table 4 is that the zero-order correlation of lead with the Kaufman Scale is spurious and due to the fact that the lead-exposed children received poorer intellectual stimulation from their mothers. Alternatively, one might speculate that low SES may contribute to poorer cognitive performance by increasing the likelihood of a child's being raised in a dilapidated house containing lead-contaminated paint. If so, lead exposure may function as a mediating variable, that is, a mechanism whereby SES may influence cognitive performance. In Cincinnati, SES and lead exposure were apparently too highly confounded for a lead effect to be detected. Paradoxically, in Boston where the lead level was lower, the effect was easier to detect, either because quality of stimulation was unrelated to lead in the more middle-class sample or because most of the parents in that sample provided at least minimally adequate intellectual stimulation.
If only the 4-year Cincinnati lead data had been available, one might have erroneously concluded that lead has no effect at these levels of exposure. The evidence from Boston of an effect at even lower levels after control for confounding suggested the possibility that exposure and socioenvironmental influences may have been too confounded to separate statistically in Cincinnati. This suspicion was confirmed in a 6.5-year follow-up in Cincinnati, bAlso adjusted for HOME Inventory and maternal 10. which reported an effect of lead exposure on WISC-R Performance IQ after controlling for all relevant potential confounders (23) . The authors attributed the 6.5-year finding to the greater reliability and precision of the WISC-R. Alternatively, 4-year test scores and social environment may be especially difficult to separate because performance by the 4-year-old, who has not yet attended school, depends so heavily on the quality of intellectual stimulation provided at home. Thus, although valid causal inference requires careful control for confounding, where exposure is highly confounded with an extraneous variable such as social environment, control for confounding can sometimes obscure potentially important causal effects.
One approach to reduce confounding would be to use developmental outcomes that are relatively insensitive to socioenvironmental influence. Table 5 shows the relation of the principal cognitive outcomes assessed in our PCB 4-year follow-up study (48) to selected socioenvironmental potential confounders. IQ (represented by the McCarthy General Cognitive Index) and child's vocabulary (PPVT-R) are much more strongly related to SES and quality of parental intellectual stimulation (HOME Inventory) than tests designed to focus more narrowly on short-term memory, visual discrimination, or attention. Although even performance on the vigilance task is influenced by quality of parental stimulation, the correlations are relatively modest, which may enhance the potential of this more narrow-band assessment to detect teratogenic effects. One of the principal advantages of assessment during the first postpartum year is that infant performance is relatively insensitive to sociocultural influences (see Table 6 ) (37, 63 findings from a single study should be treated as preliminary until replicated.
Retrospective Assessment
As noted earlier, prospective, longitudinal studies have several advantages over crosssectional studies, including more accurate assessment of degree and timing of exposure and of relevant control variables. Given the high cost and complexity of longitudinal studies, however, some evidence of teratogenicity should be obtained retrospectively, if possible, before a full-scale prospective investigation is undertaken. Cross-sectional pilot studies focusing on highly exposed individuals can be valuable for identifying the most salient domains of impairment so that prospectively administered test batteries can be designed to focus on them. For example, attention deficits were first identified retrospectively in normal intelligence children of mothers known to have drunk alcohol during pregnancy on the basis of school records describing the children as hyperactive, easily distractible, and having a short attention span (65, 66) . Although the absence of prospective ascertainment of exposure makes the findings necessarily tentative, confirmation can subsequently be sought in a prospective study.
In our PCB research, certain control variable data obtained initially at delivery were obtained again at 4 years postpartum (9) . As indicated in Table 7 , the long-term reliability of maternal recall varied considerably depending on the domain being assessed. Mothers were remarkably accurate in recalling the birth weight of the child, reasonably reliable regarding gestational age, and somewhat less so about how much weight they had gained during pregnancy. Maternal report of smoking was markedly more reliable than for alcohol consumption, presumably because smoking is more habitual and, therefore, easier to recall. Validity coefficients for retrospective (68) . dBased on an average annual sum in which each species of fish was weighted to reflect its degree of contamination.
recall of drinking during pregnancy are also much weaker than for concurrent maternal report (67) .
The recall coefficient for contaminated fish consumption before and during pregnancy (Table 7) was impressive given that fish consumption is much less habitual than smoking. This reliability is probably attributable to the fact that consumption of freshcaught Lake Michigan fish, not available for purchase at the time, was a salient event for these families. The correlations of contaminated fish consumption with maternal serum and milk PCB levels were virtually the same for the reports obtained at delivery and 4 years later (r values = 0.34 and 0.37 for serum; 0.34 and 0.32 for milk), suggesting that the 4-year retrospective report may have been as valid as the report obtained at delivery. Thus, many important variables can be reliably assessed retrospectively, making it feasible in many cases to conduct oneshot, cross-sectional studies to guide the design and focus of more comprehensive prospective, longitudinal investigations and to supplement what is learned from them.
